Abstract--In this paper we describe the production of nanocrystallites of silicon embedded in an amorphous silicon matrix by Hot Wire CVD. Prior modification of the substrate results in a procedure for increasing the volume fraction and density of the nano-crystallites relative to the other phases. A macroscopic process, random linear grooving, applied to the substrates has been shown to have a significant affect on the structure of the thin film nano-crystalline silicon subsequently grown on these profiled substrates. This has been found to occur for samples produced under different temperature regimes resulting in crystalline fractions in the range of 10% to 80%. Analysis of the RAMAN spectra for these samples shows a reduction in the amorphous fraction while the fractions of both the crystalline material and the intermediate phase increase. Electron micrographs show increased crystallite size. The films on the modified substrates appear to be denser than the films on the smooth substrates.
INTRODUCTION
The unique properties of silicon recommend it as a material to play a substantial role in new devices based on nanotechnology.
Thin films of silicon containing nanostructures are finding increased application in devices such as photovoltaic solar cells [1, 2, 3] . The films can be analysed with Raman spectroscopy and consist of three phases: crystalline material in the form of nano-crystallites, a matrix of amorphous silicon and a "mixed" or "intermediate" phase thought to consist predominantly of grain boundaries. The nano-crystallites within these films have different optical properties to either amorphous or single crystal material. We have previously reported a procedure for increasing the ratio of the crystalline phase in relation to the other two phases [4] .
Small crystals of silicon, in the range of 2 to 10 nanometres, are termed proto-crystals, nano-crystals or quantum dots, larger crystals 10 to 20 nanometres are micro-crystals [5] . Small crystallites have different electronic, optical and thermal properties from the bulk material. As more atoms are added to the nano-crystal particles and as they grow in size, the properties of these crystallites eventually approach the bulk values. In particular, the band gap that defines the optical and electronic properties of these nano-crystals varies with their size. As a result, silicon nano-crystals exhibit a significant blue shift in optical properties from the bulk infrared band gap energy to the visible range [6] . The contribution of the nanocrystals to the amorphous silicon film depends on their size, shape, orientation, distribution and volume fraction. These are properties that we are investigating and trying to control.
In this paper we describe the prior modification of the substrate by a procedure which results in an increase in the volume fraction and density of the nano-crystallites relative to the other phases.
II. EXPERIMENTAL DETAILS
Thin films of silicon ranging from fully amorphous to polycrystalline were deposited by the Hot Wire method in which pure silane was passed over a hot tantalum filament and the resultant interaction of the ions and radicals with the growing surface formed a thin film [7] . The deposition was carried out in a purpose built chamber with an airlock and transport system. The effect of deposition conditions: filament temperature, substrate temperature, gas flow rate, gas pressure and deposition time have been investigated enabling the conditions, under which nano-crystallites embedded in an amorphous matrix are formed, to be mapped.
Raman spectroscopy and scanning electron microscopy were used to characterise the nanostructured silicon films. For this purpose, the films were grown on polished stainless steel substrates. The top dashed curve in Fig. 1 shows a typical Raman spectrum when all the three phases are present. Intensity Figure 1 . Raman spectrum for thin film nano-crystalline silicon on a stainless steel substrate. Decoupling of the spectrum shows the contribution of each of the three phases The amorphous silicon phase has a large intensity; centred at 480 cm -1 , the intermediate peak a slightly lower intensity; centred at 510 cm -1 and the low intensity crystalline silicon phase is at 520 cm -1 .
The spectrum was decoupled using commercial software [8] to display the individual contributions of the three phases. The spectrum after it was decoupled using Peakfit is shown at the bottom of Fig. 1 . At the top of Fig. 1 , the continuous curve is an indication of the goodness of fit of the decoupling process.
The first peak at 480 cm -1 is the amorphous component, the third small peak at 520 cm -1 is the crystalline component. The second, intermediate peak centred at 510 cm -1 is generally referred to as arising due to grain boundaries. It should be noted that the latter two centre frequencies are not fixed but are a function of the size of the nano-crystallites. Electron microscopy has been used to provide images of the structure of the thin film and enabled the sizes of nanocrystallites to be measured. Typical Electron micrographs are shown in Fig. 2 . These show the surfaces of the samples for which the Raman spectrums are shown in Figs. 1 and 4. The profiling of the substrate was achieved by a simple mechanical process. First, the stainless steel substrate was first highly polished, finishing with fine silicon carbide abrasive paper. The substrate was then rubbed in a single direction with similar abrasive paper but two grades coarser than this. The resulting surface consisted of closely spaced random linear grooves cut into the polished material. An example of this surface can be seen in Fig. 3 .
III. RESULTS
Thin film nanocrystalline films were deposited on both polished and grooved substrates using hot wire CVD. The Raman spectrum for one of these films on the polished surface is shown in Fig. 1 while the spectrum for a similar film deposited simultaneously on a grooved substrate is shown in Fig. 4 below. Electron micrographs of the surfaces of the samples of Figs.1 and 4 are shown in Fig. 2 . To compare the effect of the substrate surface modification, quantitative data have been extracted from the decoupled spectra for a number of samples deposited under different temperature regimes and exhibiting a range of crystalline fractions. These are shown in Table 1 . The polished and profiled forms of samples 2 are the ones illustrated by the spectra and electron micrographs shown in the figures above. For these it can be seen that the percentage area of the amorphous peak has decreased from 88% to 73% as a result of profiling the substrate. The intermediate peak shows an increase from 10% to 17% while the crystalline peak has increased to 10% from 2%. Similar changes are shown for the other three pairs of samples. It is clear that the modification of the substrate has resulted in a measurable increase in the proportion of crystalline material that has been deposited in each case. This increase appears to result from a greater density of crystallites within the film.
IV. DISCUSSION
A macroscopic process, random linear grooving, applied to the substrates has been shown to have a significant affect on the structure of the thin film nanocrystalline silicon subsequently grown on the profiled substrates. Analysis of the RAMAN spectra obtained shows a reduction in the amorphous fraction while the fractions of both the crystalline material and the intermediate phase both increase. Electron micrographs show increased crystallite size. The films on the grooved substrates are denser than the films on the smooth substrates. This has been found to occur for samples produced under different temperature regimes resulting in crystalline fractions in the range of approximately 10% up to 80%.
